Abstract: MicroRNAs (miRNAs) are short (~21nt), noncoding, and single-stranded RNAs that can negatively regulate gene expression by binding to 3'UTRs of target mRNAs sequence-specifically to affect their translation and/or stability. MiRNAs are involved in multiple developmental events in various tissues and organs. Such events include dental enamel development. This review focuses on the expression and functions of miRNAs regulated in enamel development. This study further discusses the possible participation of signaling pathways affected by miRNAs during stem cell proliferation or renewal, cell differentiation, and cusp patterning formation. Research on the enamel developmental process and miRNA regulation mechanisms can facilitate better understanding of clinical enamel malformation and provide potential therapeutic schemes.
INTRODUCTION
Dental enamel is the oral epithelial-derived mineralized tissue covering the dental crowns. With its highly mineralized matrix and organized hydroxyapatite crystals, it is considered the hardest tissue in the whole body. Dental enamel development, as part of tooth formation, mainly starts from the bell stage by ameloblast differentiation and enamel secretion. Rodent incisors grow persistently throughout lifetime and have labially asymmetric sited enamel. Most studies take advantage of these characteristics to investigate the process of enamel formation. Enamel development is overall controlled by the interaction between the oral epithelium and ectomesenchyme [1] . The entire process is under a complex genetic network including stem cell proliferation, cell differentiation, and enamel secretion and maturation. Any disruption during the process can cause enamel malformation, which is known as amelogenesis imperfecta (AI) in humans and ectopic morphogenesis in mice.
Regulatory factors termed microRNAs (miRNAs) play a crucial role in morphogenesis and organogenesis. miRNAs are small, noncoding, and single-stranded RNAs that can negatively regulate gene expression by specifically binding to 3'-UTRs of target mRNAs post-transcriptionally [2, 3] . Many studies have found comparative miRNA expression profiles spatiotemporally in the process of enamel formation.
Further validation of the functional regulation in vivo has been achieved by epithelial conditional Dicer-1 knockout mice, single-miRNA conditional knockout mice, and antagomir injection. In the current review, we study the *Address correspondence to this author at the West China School of Stomatology, Sichuan University, Chengdu, China; Tel: 86-28-85501439; Fax: 86-28-85503584; E-mails: gaob@scu.edu.cn and z.yachuan@foxmail.com evidences of miRNA regulation of enamel formation and the related cellular and molecular mechanisms on signaling pathways. A better understanding of fine-tuning miRNAs for the enamel development may provide progressive therapeutic options for clinical conditions.
BRIEF INTRODUCTION TO DENTAL ENAMEL

Dental Enamel Structural Properties in both Humans and Rodents
In humans, dental enamel is most highly mineralized to perform functions of tooth protection and daily mastication. The enamel crystals is highly oriented extending from dentin to crown surface and formed into bundles called prisms, and the contents of which are supplied by ameloblast-lineage cells [1, 4, 5] . Unlike bone and dentin, fully formed enamel exhibits<1% organic matter and mainly consists of mineral substance. On the one hand, superior organization and mineralization provide outstanding physical properties to dental enamel. On the other hand, humans possess limited ability for enamel regeneration because of the absence of ameloblasts and stem cell population since teeth eruption [6] .
The enamel properties of rodent molars are almost similar to those of humans; however, the enamel of rodent incisor covers only labially the teeth. The enamel is considered to be divided into four layers: a thin inner prism-free layer, an inner prism-decussate enamel, an outer prism-paralleled enamel, and a thin superficial prism-free layer [1, [7] [8] [9] [10] . The incisor enamel can grow continuously throughout lifetime and exhibit all stages of enamel development simultaneously [11] . This characteristic provides a valuable system for investigating enamel developmental stages along the incisor axis.
Process of Enamel Development
Human Dental Enamel Development Process
To understand enamel development, the entire tooth formation process should be known as series of oral epithelial to ectomesenchymal interactions [1, [12] [13] [14] [15] [16] [17] [18] .
Early tooth development is initiated by a thickening of the oral epithlium and gradually invaginated into an epithelial bud. The condensed epithelium then extend further into the mesenchyme to form a cap and bell-stage germ which is thought to be controlled by enamel knots [14, 19, 20] . Tooth germ at the bell stage consists of an epithelial enamel organ (EEO) which further develops into dental enamel. The EEO consists of inner enamel epithelium (IEE), stratum intermedium (SI), stellate reticulum (SR), and outer enamel epithelium (OEE). During the crown formation stage, the epithelial cells in IEE layer are actively differentiated and rapidly grow in length. Presecretory ameloblasts initiate the secretion of enamel proteins through a sending process to the degenerating basement membrane. After establishment of the dentinoenamel junction, the secretory ameloblasts recede and form an aprismatic initial enamel layer. An unique cell extension called Tomes' process is then developed at the apical ends to produce enamel proteins, mainly known as amelogenin (AMELX), ameloblastin (AMLX), and enamelin(ENAM) [1, 21, 22] , by which the enamel crystals elongate, and the enamel layer thickens. One secretory and the other nonsecretory regions of the Tomes' process provide the architectural basis for organizing the rod and interrod enamel structures [23, 24] . The final thickness of enamel layer is achieved at the end of the secretory stage with the loss of Tomes' process of secretory ameloblasts. Subsequently, the ameloblasts at the transition stage undergo changes in protein secretion. KLK4 [25] , a type of serine protease that degrades the organic matrix, is secreted along with amelotin(AMTN) [26, 27] , which composed of the new basement membrane. Transition into the maturation stage, secretory ends of ameloblasts cycle ruffled or smooth as the enamel proteins are degraded, and mineral substance is deposited [28, 29] . These activities cause gradual physical hardening of the dental enamel as crystallites grow in width and thickness.
Rodent Incisor Enamel Formation Process
In mice, tooth germ initiates at about embryonic day 11.5 (E11.5) by thicken of dental lamina, and the enamel development starts at postnatal day 0(P0) [13, 30] . The rodent incisor is unique for the labially sited enamel and cell organization, which consists of stem cells incisally towards apically differentiating cells (i.e., pre-ameloblast and presecretory ameloblast) and terminally differentiated cells (i.e., secretory ameloblast and mature ameloblast).
The incisor stem cells reside at the proximal end in niches called cervical loop (CL), which contains labial CL (laCL) and lingual CL (liCL). Only the laCL generates transit-amplifying cells, which differentiate into enamelproducing ameloblasts as they migrate apically [31] [32] [33] [34] [35] [36] [37] [38] . The laCL area, as an EEO, also consists of IEE labial to the dental mesenchyme, ODE labially, and SR in the core center. By consistent cell proliferation and sequential differentiation, posterior-anterior gradient of ameloblast-lineage cells exist with the less differentiated cells incisally and the mature cells apically along the incisor axis [39, 40] .
The incisor enamel formation is occured incisally at about P0 and then apically progresses simultaneously as the dental enamel layer continues to thicken and become mature [41] . The enamel is observed to be always thin and prismfree sited at the incisal tip. As hypothesized, these differentiating ameloblasts may be differently configured (e.g., lack of Tomes' process) and exhibite a shorter life span [7] . Moving in an apical direction, transverse rows of prisms appear at the inner enamel layer. Since the isolated prisms are present at an inclined plane medially and laterally, it is indicated that ameloblasts are differently oriented in transverse rows. The more apically situated ameloblasts that produced thicker and full four-layered enamel may also exhibit different cell configurations along with various gene-expression profiles.
BIOGENESIS OF miRNA AND ITS OVERALL FUNCTION
MiRNAs represent an abundant class of endogenously expressed, short (~21 nt), noncoding RNAs that affect gene expression by post-transcriptional mechanisms. Upon binding to 3'UTRs of the targeted mRNAs, miRNAs induce the translation repression and/or decrease mRNA stability [42] [43] [44] . Given that predicted 500miRNAs to 800 miRNAs may exist in mammalian genomes, almost all genes may be regulated by miRNAs [31, 45] . Obviously, miRNAs play a crucial role in hundreds of biochemical events, including cell proliferation, cytodiffernetiation, apoptosis, morphogenesis, and organogenesis [32, [46] [47] [48] [49] .
The biogenesis of mature and functional miRNAs is required for a multi-step enzymatic process. The primary miRNAs (pri-miRNAs) are transcribed to be single or tandem hairpin and then cleaved and spliced into precursor miRNAs(pre-miRNAs) by the ribonuclease III enzyme Drosha [50, 51] . Pre-miRNAs in the nucleus are further exported into the cytoplasm by transporter Exportin-5 and its partner TRBP in humans, as processed by another RNaseIII enzyme Dicer, which removes the loop structure of pre-miRNAs [52] [53] [54] [55] . The undegraded strand of the duplex accumulates as the mature miRNA and then associated with an Argonaute protein to generate the RNA-induced silencing complex (RISC). Mammalian miRNAs guide the RISC to the target mRNAs by complementary base pairing to 2nt to 8nt of the miRNA. The critical region is called as "the seed sequence", and miRNAs sharing the similar region are grouped into families. For around 7nt long seed sequences, one miRNA can regulate hundreds of targets, as confirmed by computational approaches, proteomics analyses, microarrays, and highthroughput sequencing analyses.
miRNA AS REGULATOR IN ENAMEL DEVELOP-MENT
Expression Profiles of miRNAs in Enamel Development
miRNAs regulate gene expression in various tissues and organs, while the expression profile in enamel formation as part of tooth development is persistently explored. Discrete profiles of miRNAs are expressed in incisors compared with molars, as well as stem cell niche compared with differenti-ated cell regions. The miRNAs in different processes of enamel development from bud stage to tooth eruption are differentially expressed. Researchers have identified the majority of miRNA expression by quantitative RT-PCR, microarrays, and sequencing analyses by using pools of isolated cells or tissue biopsies. In mammalian cells, in vivo expression data have been limited to the study of whole miRNA deletion or few specific miRNAs, which were mainly studied by transgenic technology or miRNA "sensors".
Spatial Expression of miRNAs in Enamel Development
Research on the enamel formation processes is convenient, by which the mouse incisor exhibits distinct stages in organogenesis. These stages include stem cell proliferation, cell differentiation, and matrix secretion. Differential expression profiles of miRNAs have been established by measuring isolated RNAs at different positions along the incisor axis. Numerous miRNA expression profiles have been identified by comparing the liCL, laCL, and ameloblast regions [6, 7, 56] . For instance, microarray analysis showed 26 and 35 differentially expressed miRNAs in laCL/liCL and laCL/ameloblast comparisons, respectively [6] . Furthermore, qPCR technology validated that specific miR-31expression is strongly expressed in the laCL region than in the liCL, and miR-138 is up-regulated in ameloblasts than in the laCL. In situ hybridization, target prediction, and bioinformatic analysis usually support the reliability of the microarray results. Most of these comparative data imply that specific miRNAs are involved in the renewal of ameloblast stem cells, as well as in the progression toward terminal differentiation ( Fig. 1) . 
Temporal Expression of miRNAs in Enamel Development
Embryos were collected at different time points, and it is regarded as E0.5 with observation of a vaginal plug [5] . Researchers identified miRNA profiles in incisors and molars usually at E13 (bud stage), E16 (early bell stage as crown morphogenesis), E18 (late bell stage as cell differentiation), and the postnatal stage [7, [57] [58] [59] . The higher expression of Drosha and Dicer-1 than that of the bud-to-crown formation stage, as well in the E18 incisor compared with the CL to the neighboring area, suggests that miRNAs exhibit dynamic effect as RNAi pathway during amelogenesis [20, 58] . Interestingly, most of the miRNAs were prominently aggregated in the epithelium enamel organ but were weak expressed in the epithelial stem cells during E16 to E18 [20, 60] . Specifically, Michon et al. [56] verified the miRNAs expressed during tooth morphogenesis atE16, such as miR-140, miR-875-5p, miR-31, and miR-141, and those at cytodifferentiation stage E18, such as miR-689, miR-455, miR-720, and miR-711 (Fig. 2) . The restricted position in the EEO can be exhibited spatiotemporally by in situ hybridization. These specific miRNAs garnered public attention, of which miR135a was expressed highly at bud stage and also in the epithelium and mesenchyme after cap stage but not in the IEE [57] . In addition, miR-689 was high in the EEO but shifted out of the enamel knot in molar at E18.
Enamel Defects as Deletion of miRNA In Vivo
Enamel Defects as Deletion of Dicer-1 in Dental Epithelium
Generally, Dicer-1 is an important enzyme in the maturation of miRNAs, and the conditional deletion of Dicer-1(Dicer1 flox/flox ) has been conducted in studies to investigate the consequences of inhibited miRNA biogenesis, which showed that miRNAs play diverse roles in precise organogenesis in the heart, lung, hair, skin, and tooth development [61] [62] [63] [64] [65] [66] [67] [68] . Dicer null mutation results in embryonic lethality at E7.5 [69] while over expression of Dicer-1 enhances the gene silencing [70] , suggesting that miRNAs are essential in molecular development [44, 69, 71] .
Given that Dicer-1 complete knockout mice exhibit early embryonic lethality, Cre-inducible conditional Dicerknockout mice have been generated. LoxP sited approximately 200 bases to 250 bases 3' and 5' proximal to the target genes were placed in the constructs to achieve efficient conditional deletion with a Cre recombinase. Mice carrying floxed Dicer-1 alleles (Dicer1 flox/flox ) were mated to mice with Pitx2-Cre, K14-Cre, or sonic hedgehog (Shh)-Cre transgenic line to generate dental epithelial conditional knockout-Dicer mice and to explore the function of miRNAs in enamel development. Pitx2 and Shh are expressed restricted in the oral epithelium as early as E10.5 [31, 33, 60, [72] [73] [74] [75] , whereas K14 is expressed from around E12 [60, 76] .
The wild-type mouse incisor appears yellow-brown and acinaciform with labially deposited enamel. By contrast, Cao et al. [31] reported that the Pitx2-Cre/Dicer1 cKO mice develop incisors with abnormally straight, relatively thin, opaquely white and lacking of enamel checked by trichrome staining. Furthermore, the sectioned dental germ showed misshaped and poorly polarized epithelial cells from E14.5. Interestingly, the mandibular incisors exhibited a branched incisor, which resulted from the alternative formation of a CL or stem cell niche. The Pitx2-Cre/Dicer1 cKO molars were smaller and lack of cusps because they do not grow continuously. These molars also exhibit defects because of the lack of ameloblast differentiation. Moreover, the mutant incisors revealed significant decrease in amelogenin and ameloblastin, implying that loss of miRNAs resulted in an defect in ameloblast differentiation than a detain in developmental fate. Thus, the progenitor cells continued to proliferate and formed multiple extra incisors. These results demonstrate that miRNAs regulate epithelial cell differentiation and are required for teeth size and shape, as well as further regulation of tooth development.
Dcr
K14-/-conditional KO mice [20] did not induce any severe embryonic enamel defects. However, the subtler tooth phenotype was obtained with the later Dicer-1 deletion. At 5dpn, ectopic invaginations occurred compared with the smooth dental epithelium of control mice. At 25 and 90 dpn, the Dcr K14-/-incisor exhibits longitudinal enamel grooves and pits and the molar appears prominent cingulid, which apparently resulted from increased epithelial proliferation and differentiation than those in the control littermates. The mutant first molar cusp pattern was also modified by the possible miRNA regulation in the enamel knot signaling centers. Both Dcr K14-/-incisors and molars showed surface irregularities, which suggested defects in maturation stage of enamel development.
Shh [33, 77] , a member of the vertebrate Hedgehog family, is expressed in the epithelium of tooth germ from dental placode to cell differentiation stage with interactions of intraepithelium and epithelial-mesenchyme during tooth development [60, 75, 77] . Extra incisor formation occurred in the maxillary incisors [78, 79] . However, no significant abnormalities existed neither in the morphology of molars and lower incisors nor in the expression of ameloblast differentiation markers, namely, AMELX and AMBN. Thus, Creinducible mice with different promoters exhibit various phenotypes and require further exploration in more notable gene markers.
Enamel Defects as Deletions of Specific miRNAs
Although the above Dicer conditional knockout studies clearly demonstrated the miRNA mechanisms in enamel development, specific miRNAs responsible for the obtained phenotypes and the cooperation of the related miRNAs are difficult to distinguish. Therefore, Cre-lox technology was used to generate single or grouped miRNA knockout mice in 2007 by four independent groups [80] . The loxP sites on both sides of the miRNA precursor sequence have achieved efficient conditional deletion with Cre recombinase. Following the initial reports, miRNA knockout studies in various disease models have significantly increased [81] . However, related research restricted to enamel formation has been conducted limitedly.
Following the numerous in vitro data, Cao et al. [56] generated mice with global inactivation of miR-200c/141 by replacing miR-200c/141 with a promoterless lacZ reporter. The miR-200c/141 was expressed in laCL, liCL, and ameloblasts. The miR-200c/141 KO mice revealed small incisors and loss of enamel formation along with less bone density and thin dentin layer. Further histological analysis revealed defect mechanisms, which consistently exhibited the cell detachment from each other in the laCL, as well as decreased and defective enamel matrix correlating with an abnormal ameloblast at the secretory stage and a presumptive matrix resorption defect at the mature stage. All these data suggest that miR-200c/141 exhibits fine-tuning regulation in dental stem cell differentiation and enamel development. 
Enamel Defects as Deletions by miRNA Antagomirs
To investigate a pharmacological approach for interfering miRNAs functions in vivo, a class of oligonucleotides termed as "antagomirs" has been chemically synthesized with cholesterol conjugated and terminal modified [82] . The initial intravenous injection of antagomir to miR-122, a massive liver-specific miRNA, altered the expression profiles of hundreds of genes and decreased the level of plasma cholesterol in treated mice, which indicated the effectiveness of this method. Coincidentally, Sehic et al. [83] proposed a mandibular injection of miR-214 antagomir near the developing first molar in neonatal mice when enamel formation and mineralization begin. Anti-miR-214 mice exhibited differential miRNAs expression profiles and hypomineralized enamel with subcrystalline prism decussation and less surface roughness after acid etching on treated molars. The transiently weak expression genes of amelogenesis (Enam, Amelx, Calb1, and Prnp) may support the evidence, although relative miRNAs were absent, thereby suggesting indirect effects.
miRNA REGULATION VIA GENETIC SIGNALING NETWORKS
In summary, the above results demonstrated the dynamic involvement of miRNA during enamel development. Further investigation of the biological function mechanisms of miRNAs is required. Review of the genetic signaling participating in enamel development and knowledge of miRNA target genes can enhance understanding of the precise molecular functions of miRNAs.
Enamel Malformation as Amelogenesis Imperfecta
Dental enamel formation is a highly orchestrated process under complex genetic instruction. The enamel developmental process or amelogenesis, which determines the enamel size, shape, and mechanical properties, can be inherited from parent to offspring.
The inherited enamel malformations, collectively known as AI, can reflect disruptions during amelogenesis, thereby causing diverse symptoms at different development stages [22, [84] [85] [86] . For instance, disruptions during the initial formation of the dentino-enamel junction can easily lead to an enamel layer shear from the dentin beneath. Disruptions during secretory stage when the dental enamel proteins are produced, mainly known as AMELX, AMBN, and ENAM, can result in deficient crystal elongation and pathologically thin enamel or hypoplasia [87] [88] [89] [90] . Disruptions at maturation stage when the enamel matrix is degraded and crystallites are mineralized cause pathologically soft enamel or hypomineralization [28, [91] [92] [93] . Thus, any altered gene pathway or protein expression can lead to abnormal enamel formation, which may affect the stem cell proliferation or renewal, cell differentiation, morphogenesis, enamel matrix secretion, and enamel maturation.
Numerous discoveries identified that the Fgf, Bmp, Shh, Wnt, Notch, and Eda signaling pathways in ectodermderived epithelium and neural crest-derived mesenchyme regulate the enamel development [11, 79, [94] [95] [96] [97] [98] [99] [100] [101] [102] . Multiple activators and inhibitors within the pathways and various feedback loops increase the complexity of the genetic network, thereby ensuring the robustness of the system [32, 33, 87, [103] [104] [105] [106] [107] [108] [109] [110] [111] . Although the functions of various signaling pathways are well documented, miRNAs, in particular, exhibit important effects on developmental growth that need further investigation.
Signaling Network in Cytodifferentiation
The widely known morphological stages of tooth formation consist of the bud, cap, bell, and crown formation stages. Among these stages, the late bell stage at E18.5, known as cytodifferentiation, initiates the ameloblast differentiation and enamel formation. The proteins involved in the signaling network are mainly known to the bone morphogenetic protein(BMP), members of the fibroblast growth factor(FGF), Shh, and wingless (Wnt) families of growth factors and so on [32, 34, 77, [112] [113] [114] [115] . In certain circumstances, signaling proteins are produced and secreted to simulate target cells and regulate cell differentiation or matrix secretion.
The expression of multiple BMPs has been examined in the bell stage. Specifically, BMP-4 is expressed in the differentiated ameloblast layer, and BMP-5 mRNA is observed at E18 in the pre-ameloblast layer, as BMP-7 transfers from the IEE to the odontoblast layer at E18 [32, 116] . With abundant number of studies via in vitro cultured tooth germ organ, BMPs have been identified as potent regulators of ameloblast differentiation [113, 114, [116] [117] [118] [119] [120] . Other signaling proteins were also investigated. A lack of noggin, which is a Bmp antagonist, results in fusion of the upper incisors [113] . E17 mouse tooth germs with overexpression of FGF-2 reduced the expression of amelogenin in enamel formation [34] . Shh, derived from the SI, mediates the polarization of ameloblast-lineage cells and the function of secretion [33, 60] . Nectin is required to regulate the cellular junctions between SI and ameloblasts during the process of enamel development [115] . Krt14-Noggin transgenic mice repressed ameloblast differentiation and increased epithelial proliferation in both laCL and liCL [32] .
These spatiotemporally expressed signaling genes are targets of miRNAs found in the miRTooth database ( Table 1) . The bite-it database (http://bite-it.helsinki.fi) provides relevant complete gene profiles during tooth development. The three databases, namely, TargetScan 5.0, miRBase Target 5.0, and miRNAMap 2.0, found predictive targets of the miRNAs. This collection has revealed miRNAs as RNAi pathways, which may widely function in cell differentiation and influence the enamel formation.
In Pitx2-Cre/Dicer1cKO mice [31] with poorly polarized secretory ameloblasts, further genome-wide DNA microarray showed that Noggin and Follistatin were increased, whereas amelogenin and ameloblastin expression significantly decreased. MiRNAs regulate related gene signaling Noggin and Follistatin and then influence enamel matrix secretion. Specifically, miR-200c/141 knockout mice [56] resulted in an enamel defect with increased noggin expression and decreased E-cad and amelogenin in the laCL at presecretory/secretory stages. MiR-200a-3p, which is activated in the pre-ameloblast cells, can be activated by pitx2 and then reciprocally represses pitx2 and -catenin expression. Pitx2/miRNA-200a-3p also converts mesenchymal cells to amelogenin-expressing dental epithelial cells via Wnt/ -catenin signaling pathway.
Signaling Network in Stem Cell Proliferation
Although humans have lost the ability of tooth regeneration, rodents provide perfect incisor model for investigation of stem cell self-renewal and proliferation. The exact stem cells reside in the SR core of the CLs based on cell-cycle kinetics, DiI tracing, and long-retain bromodeoxyuridine label. Both the asymmetric size of laCL and liCL and the asymmetric distribution of incisor enamel are beneficial to collect comparative gene array in stem cell proliferation.
The proliferation and self-renewal of epithelial progenitor stem cells in rodent incisor are controlled by several stimulatory and inhibitory signals in a delicate balance. FGF signals in the mesenchyme have been identified as stimulators for regulation of Notch signaling in the epithelium, specifically known as Fgf3 and Fgf10 [34, [121] [122] [123] [124] . It is reported to stimulate stem cell proliferation by deletion of the FGF antagonist Spry-2 and Spry-3 [29] . BMPs, which participate in cytodifferentiation, may also inhibit epithelial cell proliferation in the CL, whereas BMP inhibitor Noggin contribute to extensive growth of the incisors [32, 39, [118] [119] [120] 125] . The miRTooth database revealed Fgf10 as a target of miR-31 [106] , Spry-2 as of miR-720 and miR-652, and Noggin as of miR-200b, miR-200c, and miR-429. We may speculate that miRNA functions in the fine-tuning of the signaling pathways during incisor renewal and cell proliferation.
Exogenous activin is presented in the labial mesenchyme. With bead experiments, activin induced marked overgrowth in CLs with extra bud and increased stem cell proliferation through inhibiting the effect of BMP4 and restricting Fgf3 labially. This phenotype closely resembles the DcrK14 / mutants, which exhibited longitudinal grooves on the enamel surface. What's more, the Pitx2-Cre/Dicer1 cKO mice [31] expanded CLs with proliferating cells and resulted in extra incisors with branched ones. Thus, the functional regulation of activin in miRNAs is obvious, but the mechanism between the specific miRNA and activin is yet to be investigated.
Signaling Network in Cusp Formation
Most studies on enamel formation have mentioned the crown formation and cusp patterning. The primary and secondary enamel knots, which remain undivided, affect the crown and cusp to stimulate proliferation of the surrounding cells.
Apoptosis may be a mechanism under control of the duration of genetic signalings, and Bmp4, a target of miRNAs, may abend the activity through induction of cyclindependent kinase inhibitor p21.
Another gene signaling expressed in the enamel knots, axin 2, is the predict target of miR-689, which is shifted out of the enamel knots in the molar at E18 [20] . DcrK14-/-mice have also shown a similar symmetrical anteroconid pattern with those of Sostdc-1(Ectodin) KO mice, Spry-2 KO mice, and K14-Eda transgenic mice [126] [127] [128] [129] . Hence, the cusp formation of the molar crown is regulated by miRNA pathways via numerous enamel knot signalings.
CONCLUSION AND FUTURE DIRECTIONS
Dental enamel formation (amelogenesis) begins at the bell stage when the IEE is gradually differentiated into the ameloblast layer. Amelogenesis can be divided into the following four stages: pre-secretory, secretory, transition, and maturation. These stages are concluded according to the morphology and function of ameloblast-lineage cells. After the formation of the dentino-enamel layer, dental enamel is formed through secretion of extracellular matrix by secretory ameloblasts and then mineralization by mature ameloblasts as ameloblasts decade. In rodent incisors, epithelial stem cells and ameloblasts at distinct stages form a single-cell layer organized postero-anteriorly and cover the labial dental enamel. The labial stem cell niche, called laCL, persistently proliferates and moves apically to differentiate into ameloblasts along the incisor axis. This niche provides a convenient model for investigating the expression and function of gene networks in enamel formation. miRNAs, which are significantly involved in the developmental events, have established the expression profiles in different development stages. Many differential expression patterns of miRNAs have been found. For instance, miR-31 is highly expressed in laCL, whereas miR-138 is found higher in ameloblasts. miR-140 is also expressed in E16 when the dental crown is formed, whereas miR-689 is located in E18 when the ameloblasts differentiated rapidly. For further investigation of functional regulation in vivo, Cre-lox mice model has been widely used. Dcr flox-/-mice with Cre promoters Pitx2, K14, and Shh have been induced to produce epithelial conditional knockout mice, and enamel malformation at varied extent has been created, indicating disruptions during cell proliferation and differentiation. Both spatiotemporal expression and loss-of-function mice models reveal that miRNA family as an RNAi pathway is a potent regulator in enamel formation. Under the complex genetic pathway network in amelogenesis, some specific signaling regulatory miRNAs have been established. The Pitx2:miR220c/141:noggin pathway cycles a positive-feedback loop to regulates ameloblast differentiation via BMP signaling. miRNA-200a-3p regulates the enamel formation through conversion of mesenchymal cells into amelogeninexpressing dental epithelial cells via Wnt/ -catenin pathway. Axin2, which is expressed in the enamel knot, is the target of miR-689 for regulating the cusp patterning during crown morphogenesis. The regulation of E-cad by miR-200c may be required for the adhesion of ameloblasts to the SI, which is an integral interaction for enamel development. Much signaling in the regulation of enamel formation has also been identified in potentially targeted genes by miRNAs, which comprise a huge gene regulatory network.
Although substantial evidence has proven that enamel formation is regulated by miRNAs, few specific miRNAs exist, and the related mechanisms remain poorly understood. The enamel formation refers to a continuous developmental process involving multiple transformations of cell types and maturation of extracellular matrix. Further investigation of this process and specific location of the function of miRNAs may facilitate a better understanding of the regulatory functions of miRNAs in enamel development.
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